Over the last decade, zebrafish (Danio rerio) has become an important animal model in epilepsy research. Behavioral and electrophysiological tools have been developed by several groups, and recent successes in drug screening support zebrafish as a translational model system for epilepsy (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . Two recent papers in Scientific Reports describe novel tools for epilepsy research in zebrafish, including a novel method for multichannel EEG recordings in adult fish (Cho et al.) and a combined calcium imaging and behavioral analysis with highthroughput capabilities (Turrini et al.).
Despite recent interest in using zebrafish in human disease studies, sparked by their economics, fecundity, easy handling, and homologies to humans, the electrophysiological tools or methods for zebrafish are still inaccessible. Although zebrafish exhibit more significant larval-adult duality than any other animal, most electrophysiological studies using zebrafish are biased by using larvae these days. The results of larval studies not only differ from those conducted with adults but also are unable to delicately manage electroencephalographic montages due to their small size. Hence, we enabled non-invasive long-term multichannel electroencephalographic recording on adult zebrafish using customdesigned electrodes and perfusion system. First, we exploited demonstration of long-term recording on pentylenetetrazole-induced seizure models, and the results were quantified. Second, we studied skin-electrode impedance, which is crucial to the quality of signals. Then, seizure propagations and gender differences in adult zebrafish were exhibited for the first time. Our results provide a new pathway for future neuroscience research using zebrafish by overcoming the challenges for aquatic organisms such as precision, serviceability, and continuous water seepage. Mapping neuronal activity during the onset and propagation of epileptic seizures can provide a better understanding of the mechanisms underlying this pathology and improve our approaches to the development of new drugs. Recently, zebrafish has become an important model for studying epilepsy both in basic research and in drug discovery. Here, we employed a transgenic line with pan-neuronal expression of the genetically-encoded calcium indicator GCaMP6s to measure neuronal activity in zebrafish larvae during seizures induced by pentylenetetrazole (PTZ). With this approach, we mapped neuronal activity in different areas of the larval brain, demonstrating the high sensitivity of this method to different levels of alteration, as induced by increasing PTZ concentrations, and the rescuing effect of an anti-epileptic drug. We also present simultaneous measurements of brain and locomotor activity, as well as a high-throughput assay, demonstrating that GCaMP measurements can complement behavioural assays for the detection of subclinical epileptic seizures, thus enabling future investigations on human hypomorphic mutations and more effective drug screening methods. Notably, the methodology described here can be easily applied to the study of many human neuropathologies modelled in zebrafish, allowing a simple and yet detailed investigation of brain activity alterations associated with the pathological phenotype.
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and they were able to document seizure evolution over time in individual fish, which had not previously been possible. This was a significant improvement in terms of efficiency and depth of data. However, potential limitations of this platform include movement artifacts, lack of precision in electrode placement, and size restriction to larval stages. The recent publications by Cho et al. and Turrini et al. report additional approaches for advanced neurophysiology in zebrafish that may complement existing platforms, broadening the range of tools available for studying epilepsy in zebrafish.
In their current study, Cho and colleagues sought to develop zebrafish multichannel EEG with precise electrode placement and adult fish recording capability. They designed a 4-channel multielectrode array in the form of a flexible printed circuit board (FPCB) on polyimide film. Fabrication cost was reported as less than $5, making it cost efficient for population analyses of many fish. The array was sized for adult fish, with electrodes positioned over the telencephalon and midbrain of each hemisphere and a reference electrode on the supraneural spine. In this study, the array was placed on the skin of adult fish that had been immobilized using anesthesia and secured with modeling clay. A perfusion system was placed in the mouth for delivery of anesthesia, and the body was kept wet with a covering of wet tissue paper. Recordings with this setup were maintained for up to 1 hour. To validate the multichannel recording array, the authors used PTZ to induce seizures and were able to record electrographic events that were typical of those observed with traditional glass electrode recording and similar to those seen in rodent models. Because of the multielectrode design, they were able to analyze seizure dynamics and observed that onset of the majority of seizures was from the telencephalon, while a minority started from the midbrain. In total, they recorded from 14 fish (6 male, 8 female) and observed a sex bias, with males being more sensitive to PTZ seizure induction. The advantages of the system include the multichannel design and the ability to achieve high quality recordings from adult zebrafish. A current limitation is the need to keep the array area dry due to conductivity of water causing intereference between channels, balanced against the necessity of water for viability of aquatic animals. The modeling clay embedding employed by the authors was sufficient for electrode isolation in anesthetized fish, but is unlikely to be amenable for unrestrained or unanesthetized recording. However, this issue could be solved with additional material engineering.
The optical transparency of larval zebrafish makes them particularly well suited for in vivo optical imaging studies, another approach for neurophysiological characterization of seizures in zebrafish. Turrini and colleagues generated a transgenic zebra fish line with neuronal expression of the genetically encoded calcium indicator GCaMP6 that enabled optical measurements of calcium signals. Optical imaging allows parallel measurement of activity across a wide population of neurons with good spatial and temporal resolution, and that activity is correlated with frequency of neuronal spiking (8) . To validate their system, the authors performed wide-field imaging of calcium signals in larval zebrafish exposed to PTZ. They demonstrated that PTZ produced dose-dependent enhancement of calcium activity that could be attenuated by pretreatment with valproic acid (VPA). These observations provided initial evidence that pro-and anticonvulsant effects are observable with calcium imaging. Going a step further, they took advantage of the wide-field of view to combine optical imaging with simultaneous measurement of tail movements. Previous studies have established stereotyped behavioral correlates of seizure activity upon exposure of zebrafish larvae to PTZ (1-3) . In the current study, the larvae were head fixed and not able to swim; however, intensity and amplitude of tail movements approximated previously described stages of behavioral seizures. Of note, they detected a significant number of "subclinical" events that had an optical signal without a behavioral correlate. Engagement and synchronization of different brain regions was assessed, and higher doses of PTZ resulted in highly correlated activity across the whole brain that was associated with robust tail movement.
Anticonvulsant drug screening in zebrafish has been implemented and relies mainly on automated behavioral analysis, coupled with follow-up electrophysiological studies (2) (3) (4) (5) . Cho and colleagues hypothesized that the addition of simultaneous optical imaging would complement behavioral analysis. They performed a pilot screen to test their platform. They imaged 61 larvae in parallel and assessed ten experimental conditions, including VPA, tricaine, baclofen, kynurenate, d-tubocurarine, and TTX in the presence of PTZ, as well as a PTZ dose-response series. The screen largely produced the expected results, along with a potential caveat: Some compounds (such as kynurenate) may have background fluorescence under the imaging conditions that confounds interpretation of the imaging signal. Having a second measurement (such as behavior not affected by chemistry issues) may lower the false negative rate, as well as control for false positives with compounds like anesthetics and paralytics.
Continued development and refinement of advanced approaches in zebrafish expands the range of neurophysiological questions that can be addressed in this model system. The combination of sophisticated neurophysiological tools and rich genetic resources will likely accelerate the contribution of zebrafish studies to translational epilepsy research.
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